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A recessive lethal insertional mutation on chromosome 13 has been identified in a transgenic mouse line that displays a 
segmental form of cardiac defect along the anterior-posterior axis in all homozygous mice identified. The most anterior 
segment (future conns and right ventricle) of the single heart tube fails to develop normally and the endocardial cushions 
in both the eonus and the atrioventricular regions are missing. Analysis of the/~-galactosidase reporter portion of the 
transgene during embryonic development shows a segmental expression of activity primarily in the defective outlet of the 
primitive heart. In addition to expression in the heart tube, hemizygous embryos show transgene xpression in the chondro- 
genic regions of first and second branchial arches, the appendicular skeleton, and the dermal papillae of the vibrissae. The 
restricted pattern of fl-galactosidase xpression in the heart can be disrupted with retinoic acid exposure and extended 
posteriorly along the anterior-posterior axis in hemizygous mice. Although cushion mesenchyme fail to form in the 
homozygous mutant, the myocardial and endothelial cells explanted from the mutant atrioventricular, but not the conus, 
are capable of forming mesenchyme in vitro. Mice trisomic for chromosome 13 have also been shown to display segmental 
anomalies associated with the anterior primitive outlet segments of the heart. Our data show that this insertional mutation 
identifies a new gene locus, hdf (heart defect), on mouse chromosome 13 that may be required for mechanisms that initially 
establish and/or maintain continued development of the anterior limb of the developing heart. The hdf mouse mutation 
also provides a new model system to evaluate the molecular equirements of normal endocardial cushion formation and 
the segmental interactions that form the adult heart. © 1997 Academic Press 
INTRODUCTION 
Fundamental questions of embryogenesis remain to be 
answered concerning the molecular mechanisms that guide 
and maintain the anterior-posterior (AP) differentiation of
rudimentary mammalian organs from cellular progenitors. 
The vertebrate heart is one of the first functional organs 
to form and establish a regional AP segmental axis in the 
developing embryo (De la Cruz et al., 1989). The primitive 
heart tube is formed from paired primordia that arise from 
an epithelialized sheet of splanchnie mesoderm. Five dis- 
tinct patterned segments are defined along the tube's AP 
axis (De la Cruz et al., 1989). These segments are partially 
defined by the regionally restricted swellings of the base- 
ment membrane that guide the formation and differentia- 
tion of cushion mesenchyme in the atrioventricular canal 
{AV) and conus cordis (Krug et aI., 1995; Markwald et al., 
1977, 1990; Mjaatvedt et al., 1991; Rezaee et al., 1993), by 
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the differences in intrinsic contractility of the cardiac mus- 
cle, and by expression of specific myosins that are compart- 
mentalized along the AP axis of the heart tube (i.e., atrium 
vs ventricle) (Kubalak et al., 1994; O'Brien et al., 1993; Yut~ 
zey et al., 1994). Fate-mapping studies have shown that the 
cellular precursors of these heart segments are found in the 
mesodermal heart fields and that these cells give rise to 
each heart segment at specific periods of time during forma- 
tion of the primitive heart (De la Cruz et al., 1977, 1983). 
The first segment that is formed by fusion of the mesoder- 
mal heart fields gives rise to the apical trabeculated region 
of the right ventricle and the conus cordis. Eventually five 
segments are present which are, beginning rostrally, the 
conus cordis, the primitive trabeculated right and left ven- 
tricles, the A¥ region, and the atrium. During looping, the 
conal and right ventricular segment form the anterior limb 
of the looped heart. From these studies it has become clear 
that each of the most common defective phenotypes ob- 
served in abnormal heart development (e.g., ventricular sep- 
tal defect, common AV canal, atrial septal defect, double 
outlet right ventricle) results from the abnormal formation 
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of structures that can be traced to one or two segments of 
the pr imit ive tube. In humans, cardiac malformations are 
the most frequent of all congenital malformations that re- 
sult in neonatal death (Moller et al., 1994). Although the 
rostra l -caudal  segmentat ion of the early heart tube appears 
to be required for normal development of the vertebrate 
heart, very l itt le is known about the genes or molecular 
mechanisms that establish or maintain this early segmental 
organization. 
The insertional mutat ion of the mouse genome by a 
transgene has been used to identify many genes that have 
irreplaceable function during development, such as the cer- 
ebellar mutant  reeler (Miao et al., 1994), l imb deformity 
(Woychik et al., 1985, 1990), and microophthalmia (Hodg- 
kinson et al., 1993; Hughes et al., 1993). Identif ication of 
insertional mutat ions causing serious cardiac malforma- 
tions in mice are rare probably because of the lethal nature 
of the defect. However, one such mutant,  the i nv  mouse, 
often displays erious cardiac defects associated with homo- 
zygous animals (Yokoyama et aI., 1993). We describe in 
this study a newly identif ied transgenic mouse having a 
phenotype of specific segmental heart defects along the AP 
axis, which we call hdf  (heart defect). 
MATERIALS AND METHODS 
Structure of the Transgene and Production of 
Transgenic Mice 
The Hoxa-1/lacZ fragment used for microinjecuon was constructed 
from the previously described plasmid pHoxl.61acZpA (Zhang et al., 
1994). A 3 5-kb fragment of the 5' region of the Hoxa-1 sequence 
was released by digestion of pHoxl.61acZpA with BgllI and SaIL The 
remaining 6.8-kb truncated Hoxa-1/lacZ construct was then purified 
on a 10-40% sucrose gradient and adjusted to 2 #g/ml in 10 mM 
Tris-HC1 (pH 7.5), 0.1 mM EDTA for microinjection. 
Transgenlc mice were produced according to standard protocols 
(Hogan et aI., 1986). Female mice (B6 x CBA F1; The Jackson Labo- 
ratory) were superovulated (5 IU mtrapentoneal injection of preg- 
nant mare's erum followed by 5 IU injection of human chorionie 
gonadotropin 46hr later) and mated to C57BL/6 males (The Jackson 
Laboratory). Fertilized eggs were collected from the oviducts of the 
females and the purified DNA Hoxa-1/lacZ construct (2 ng/#l) was 
microinjected into the pronuclei of the zygotes. The zygotes were 
then placed in the oviducts of pseudopregnant CD-1 (Charles River) 
female mice. Homozygous mutants were obtained by mating het- 
erozygous mice. Noon on the day of vaginal plug formation was 
considered to be 0.5 days postcoitus (dpe). Embryos were removed 
from pregnant mice at appropriate developmental stages, dissected 
from the decidua and extracmbryonic tissues, and pooled into 
Earle's balanced salt solution (Gibco). For PCR analysis, samples 
of tail DNA (Walter et aI., 1989) from progeny mice were added to 
separate tubes containing a standard PCR mixture containing 2 mM 
MgC12 and primers pecific for the lacZ portion of the transgene (5'- 
CGGCCAGGACAGTCGTTTGCCGTCTG-3' and 5'-CCTGAC- 
CATGCAGAGGATGATGCTCG-3'). The reaction mixture was 
heated to 95°C (6 rain), then the temperature was lowered to 80°C 
and Taq polymerase was added (2.5 units; Perkin-Elmer/Cetus). 
The DNA was amphfied using an automatic DNA thermal cycler 
(M. J. Research) and 35 cycles of the following conditions: 95°C for 
30 sec denaturation, 58°C for 30 sec annealing, and 72°C for 30 sec 
extension. DNA products were analyzed on agarose gels. 
Southern Blotting 
Genomic DNA from mice was isolated as previously described 
(Mjaatvedt et al., 1993). Five micrograms of wild-type (+/+) and 
hemizygous (hdf/+) DNA was digested with EcoRI, electrophoresed 
in a 0.8% agarose gel, transferred to nylon membrane (MSI), and 
hybridized with the lacZ portion of the transgene radiolabeled with 
[~2P]dCTP (Feinberg and Vogelstein, 1984). Membranes were 
washed under high stringency conditions and autoradiographs were 
made as previously reported (Mjaatvedt et al., 1993). 
Fluorescent in Situ Hybridization (FISH) of the 
Transgene Insertion Site 
Metaphase spreads were obtained from extraembryonic mem- 
branes as described (Miyabara et al., 1982). Digoxigenin-labeled 
lacZ probe was synthesized using modified random-prime labeling 
methods (Boeringher Manheim) and a lacZ-speeific primer. The 
FISH technique for localization of the transgene insertion site was 
performed according to manufacturer's ecommendations (Oncor 
hybridization kit S1340). Hybridized and washed sections were cov- 
erslipped with "antifade" mounting medium (PBS/glyeerol con- 
taining 10% 1,4-diazabicyclo(2,2,2)oetane; Sigma D-2522) con- 
taming 4,6-diamidino-2-phenylindole at a concentration f 0.1 rag/ 
ml and were observed with an epifluorescence microscope. 
Chromosome Mapping by Interspecific Backcross 
Analysis 
Genomic tail DNA was isolated from hdf hemizygous mice and 
partially digested using EcoRI. The genomic DNA fragments, 
greater than 9 kb, were ligated into the vector arms of ~ DASH II 
(Stratagene) to generate a genomic library (Ausubel et al., 1995; 
Sambrook et aI., 1989). The library was screened using radiolabeled 
probes (Feinberg and Vogelstein, 1984) generated from the lacZ 
portion of the transgene. Positive genomic lones were identified 
and isolated. The insert DNA was purified, cut with EcoRI, and 
subcloned into a plasmid vector using standard techniques (Ausu- 
bel et al., 1995; Sambrook et al., 1989). Clones containing a portion 
of the transgene and host flanking sequence were identified by 
Southern blot and sequence analysis of the genomic inserts 
{Mjaatvedt et ai., 1993). Sequence information flanking the 
transgene was used to identify PCR primers that produced a single 
300-bp product from genomm template DNA of either the C57B/ 
6J or the Mus spretus mouse strains. The 300-bp PCR band obtained 
with the C57BL/6J genomic template could be selectively cleaved 
with HinfI. This provided a suitable polymorphism used for chro- 
mosome mapping by interspecific backcross analysis. The linkage 
analysis was performed using The Jackson Laboratory's mapping 
panel BSB of 94 DNA samples from a {C57BL/6J X M. spretus)F1 X 
C57BL/6J backcross (Rowe et al., 1994). 
Immunofluorescent S aining of Embryos 
Specimens were stained immunohistochemically for fibronectin 
as previously described with some modifcations (Mjaatvedt et al., 
1991). Specimens were fixed with 4% paraformaldehyde in PBS, 
dehydrated through an ethanol series, infiltrated with xylene, era- 
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bedded in paraffin, and sectioned. Selected sections were rehydrated 
with an ethanol series to water and then equilibrated in PBS. Hy- 
drated sections were blocked with 10% whole goat serum in 1% 
bovine serum albumin in PBS. The primary antibody to fibronectm 
(anti-human fibronectin; Sigma, F-3648) was chluted to 1:400 (12/lg 
protein/ml) and secondary antibody to goat anti-rabbit IgG (Jackson 
ImmunoResearch Laboratories, Inc., 111-015-003) was diluted 
1:100. The stained sections were observed by epifiuorescence mi- 
croscopy. 
LacZ Staining Methods 
Histochemical staining of the mouse mbryos for fl-galactosidase 
was conducted as described (Kothary et al., 1989) with shght modi- 
fi cation (Zhang et aI., 1994). Embryos were fixed in 0.2% glutaraldc- 
hyde m PBS with 2 mM MgC12 and 5 mM EGTA and then rinsed 
three times in PBS with 2 mM MgC12, 0.02% NP-40, and 0.01% 
sodium deoxycholate. Embryos were incubated in 0.1% X-gal 
(Sigma) in PBS with 2 mM MgClz, 0.02 % NP-40, and 0.01% sodium 
deoxycholate; 20mM K3Fe(CN)6; 20 mM K4Fe(CN)6 at 37°C for 12 
hr and washed in PBS containing 10 mM EDTA. Some fl-galactosi- 
dase-reacted specimens were dehydrated through an ethanol series, 
embedded into paraplast, and sectioned. Secnons were counter- 
stained with nuclear fast red and examined with a Zeiss photomi- 
croscope. 
Retinoic Acid Treatment of Embryos 
Pregnant females were obtained by mating of hdf hemizygous 
males with wild-type females. All-trans-retinoic acid was dissolved 
in chmethylsulfoxide (DMSO) at a final concentration of l0 mM 
(Nakajima et al., 1995). At 8.5 dpc, the pregnant mice were given 
a single mtraperitoneal rejection of the retinoic acid solution (15 
mg/kg dam). At 10.5 embryonic dpc, embryos were removed and 
processed for lacZ staining as described above. 
Collagen Gel Assay for Cushion Mesenchyme 
Formation 
Collagen gels were prepared as described (Kruget al., 199S) ex- 
cept that OptiMEM (Gibco) containing 1% fetal bovine serum 
(Gibco) was used in place of Medium 199 and chick serum. In this 
study, embryos from early 9.5-dpc mice were dissected from the 
decldua and extraembryonic tissues and pooled into Earle's bal- 
anced salt solution (GIBCO). Hearts were dissected from the em- 
bryos and the AV or conus region was removed. These explants 
consist of myocardium, associated basement membrane, and endo- 
thelial cells. The explants were placed immediately onto the sur- 
face of drained collagen gels and incubated at 37°C for 2 hr to allow 
attachment of the explants onto the collagen gel surface. Additional 
medium was added to the cultures and incubation was continued. 
The amount of "seeding" was assessed at 48 hr by observing the 
living cultures with an Olympus reverted microscope quipped 
with Hoffman optics and by "optically sectioning" the collagen gel 
by changing focal planes to reveal the presence of any cells beneath 
the surface of the endothelial monolayer. Cultures were not consid- 
ered to be seeded unless more than three mesenchymal-like cells 
were observed beneath the surface of the gel as previously described 
(Mjaatvedt et ad., 1987). 
RESULTS 
Transgene Insertion Site and Genetic Analysis 
The hdf  homozygous lethal mutant  arose during 
transgenic studies of the mouse Hoxa-1 gene cis-regulatory 
sequences by the random insertion of a fl-galactosidase 
(lacZ) reporter gene construct into the mouse genome 
(Zhang et al., 1994). The transgene reporter construct con- 
tained part of the Hoxa-1 exon 1 with approximately 3 kb 
of 5' sequence l igated to the lacZ gene (Fig. la). Although 
the cis-regulatory sequences contained in the reporter gene 
construct could potential ly play a role in the regulation of 
the Hoxa-1, they were not independently capable of driving 
lacZ expression in other lines of transgenic mice. Four inde- 
pendent lines of transgenic mice carrying the Hoxa-1 lacZ 
reporter gene were generated. Three of the four did not show 
any expression of lacZ in any tissues during the embryonic 
stage examined (8.5 to 12.5 dpc). The hdf  mouse was the 
only l ine that showed lacZ expression with this construct. 
Also, approximately 20 other transgenic lines were gener- 
ated with longer versions of Hox- lacZ  constructs having 
more 5' or 3' genomlc DNA sequences. These animals 
showed only Hox-l ike lacZ expression patterns and none 
ever showed lacZ expression similar to that observed in hdf  
animals described in the present study (Zhang et al., 1994). 
Transgenic mice were identif ied from tail DNA using a PCR 
assay with primers specific to the lacZ portion of the 
transgene. Southern hybridizations to tail DNA revealed 
the expected three-band pattern for a single site transgene 
insertion with in the genome. The intense 6.8-kb band repre- 
sents the transgene repeat (densitometric measurements in- 
dicated approximately 15 copies). The other two bands at 
10.5 and 5.5 kb represent he sequences flanking the 
transgene (Fig. lb). FISH local ization of the lacZ portion of 
the transgene on chromosome spreads prepared from hemi- 
zygous animals showed a single insertion site on mouse 
chromosome 13 (Fig. lc). 
The location of the transgene chromosomal insertion site 
was determined more precisely by interspecif ic backcross 
analysis using a mapping panel consisting 94 DNA samples 
of progeny from a (C57BL/6J X M. spretus)F1 X C57BL/6J 
backcross (Rowe et al., 1994). The transgene insertion locus 
mapped to central chromosome 13, four crossovers proxi- 
mal to D13Mit30 (Fig. 2). 
The &str ibut ion of transgenic versus wild-type newborns 
suggested in utero mortal i ty  of homozygous embryos. Stud- 
ies of progeny at embryonic stages of development showed 
that approximately 25 % of the embryos were not surviving 
past 10.5 embryonic dpc, possibly as a result of a heart 
defect. The defective heart mutat ion and mortal i ty follow 
the same distr ibution in progeny as that predicted for an 
autosomal recessive gene and is consistent with a single (or 
more than one t ightly linked) gene disruption (Table 11. 
Phenotypic Characterization 
Character izat ion of the dying embryos revealed a 
smal ler  overal l  size when compared to their  l i t termates.  
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FIG. 1. Analysis of the lacZ transgene insertion. (a) Structure of the transgene used to generate the hdf mouse. Black boxes represent 
Hoxa-1 exons, stippled boxes are Hoxa-2 exons, and striped boxes are lacZ exons. A, AatII, As, Asp700, Ac, AccI, B, BamHI, Bg, BglII, E, 
EcoRI, X, XhoI, Xb, XbaI, pA, poly(A) tail. (b) Southern blot analysis of hemizygous and wild-type mouse DNA showing bands at approxi- 
mately 10.5, 6.8, and 5.5 kb in the hemizygous micc. Molecular size markers are shown on the left. (c) FISH analysis of a chromosome 
spread from a hemizygous mouse showing localization of the transgene at one site on a smgle chromosome (double arr wh ads), which 
was identified by G-banding as mouse chromosome 13. 
The primitive inlet portion of the heart, comprising the 
left ventricle, atrioventricular, and atrial segments, was 
highly dilated. In addition, segmental heart cushion 
swellings normally found in the AV and conus regions of 
the heart at this stage were missing (Fig. 3). The primitive 
outlet segments of the heart, consisting of the primitive 
right ventricle and the conus, appeared underdeveloped. 
Stenosis of the anterior (cranial or ascending) limb of the 
looped heart may contribute to the dilation observed in 
the ventricle and atrium. 
Embryos determined to be hemizygous by FISH appeared 
phenotypically indistinguishable from their wdd-type lit- 
termates during embryogenesis and reached adulthood. 
Cells of the hemizygous animals that were shown to express 
the lacZ reporter transgene showed no evidence of transgene 
toxicity since they appeared morphologically normal and 
contributed extensively to development of specific struc- 
tures in the heart and limbs that were phenotypically identi- 
cal to comparable structures in the nontransgenic wild-type 
littermates. 
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FIG. 2. A partial inkage map of mouse chromosome 13near the 
hdf mouse transgene insertion site. The location of the hdf locus 
(boldface) is shown in relation to flanking markers mapped in this 
(C57BL/6J X M. spretus)F1 X C57BL/6J backcross. Ctla2a is the gene 
symbol for cysteine protease Ctla2a which maps approximately 16 
cM proximal, and Ube2B is the symbol for ubiquitin-conjugating 
enzyme and is approximately 11.7 cM &stal to the hdf locus. All 
of the raw mapping data have been deposited with The Jackson 
Laboratory's mapping panel resource and can be viewed via the 
Internet (www.jax.org/resources/documents/cmdata/BSB.html). 
Genetic distances in cM are shown on the left between markers. 
Immunostaining for Fibronectin 
Fibronectin (FN) is a major component of the endocardial 
cushion extracellular matrix (cardiac jelly) and is produced 
by both the myocardium and the endothelium (Kitten et 
aI., 1987; Mjaatvedt et al., 1987). Antibody localization of 
FN in wild-type embryonic hearts shows positive staining 
along the myocardium and endothelium and throughout 
the intervening extracellular matrix (Figs. 4a and 4c). Immu- 
nostaining for FN in embryos homozygous for the transgene 
insertion was positive. Homozygous mutants, as expected, 
showed an altered pattern of FN-positive staining in the 
extracellular matrix compared to the normal wild-type em- 
bryos (Figs. 4a and 4c}. The myocardial and endothelial cell 
layer of the defective homozygous hearts was positive in 
all segments of the heart ube (Figs. 4b and 4d). Although the 
FN-positive xtracellular matrix between the myocardium 
and the endothelium occupied a smaller area within all re- 
gions of the homozygous heart, staining intensity in cells 
surrounding the aortic sac was similar to that observed in 
the hemizygous embryos (compare Fig. 4c with 4d). 
fl-Galactosidase Expression Patterns 
Analysis of fl-galactosidase taining of the hemizygous 
and homozygous embryos revealed a clear segmental pat- 
tern of lacZ expression only in ceils of mesodermal origins. 
Expression was observed in the primitive conus and right 
ventricle (anterior limb} only of the early developing heart. 
The earliest detectable lacZ expression was at 8.0 embry- 
onic dpc (seven somites; Fig. 5a). The expression of lacZ 
was observed in a small ring of cardiac tissue that is the 
presegment or common precursor to the trabeculated right 
ventricle and conus of the heart. A similar expression pat- 
tern that showed a band of lacZ expression confined to the 
outlet portion of the heart was observed at 9.0-9.5 embry- 
onic dpc (Fig. 5b). To determine if all the heart cells or 
just a subpopulation of cells were expressing the transgene, 
some embryos were embedded and sectioned after lacZ 
staining. Histological evaluation of sectioned embryos 
showed lacZ expression was confined to the myocardial 
cells of the developing heart ube with greatest intensity in 
the myocardium of the eonus segment (Fig. 5c). The myo- 
cardial ceils that make up the inner curvature of the heart, 
the ventricular infundibular fold, were also positive while 
the myocardial cells of the outer curvature were negative. 
Homozygous mutant embryos howed a higher intensity of 
lacZ expression than the hemizygous littermates, but prior 
to 10.5 dpc the pattern of expression was similar. 
Homozygous embryos at 10.5 dpc (Fig. 5d) showed strong 
lacZ expression in the anterior limb of the looped heart 
that also reached posteriorly beyond the anterior segmental 
boundaries defined by the hemizygous, morphologically 
normal embryos. Because of homozygous lethality, expres- 
sion patterns at later stages of development (beyond 10.5 
embryonic dpc) were observed using the hemizygous em- 
bryos. The hearts at later stages (11 embryonic dpc) contin- 
ued to express lacZ in a segmental pattern that included 
the primitive right ventricle (Fig. 5e). Histological sections 
of lacZ-stained embryos at these stages showed the lacZ 
staining only in the myocardial cell layer of the conus and 
right ventricle (Figs. 5f and 5e). Myocardial staining for lacZ 
was clearly evident in the conus, but very faint in the AV 
myocardium (Fig. 5h) surrounding the superior and inferior 
cushions. At 15.5 embryonic dpc, a stage when the heart 
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TABLE 1 
Genetic Analysis of the hdf Insertion 
Cross Progeny 
Embryos 
(E9.5-10.5 dpc) Live births % 
No./% * No./% expected 
htd/+× htd/+ +/+ 11/25.0 68/32.9 25.0 
htd/+ 23/52.3 ~ 139/67.1 50.0 
htd/htd 10/22.7 b -- 25.0 
a htd/+ hemizygous, were lacZ positive, appeared phenotypically as wild type, and were confirmed as hemlzygous by FISH. 
htd//htd homozygous, were lacZ positive, had the defective phenotype, and were confirmed to be homozygous byFISH. +/+, wild type. 
* x ~ (df 2) - 0.136, p = 0.9. 
has reached its definitive four-chambered heart morphol- 
ogy, histological inspection showed lacZ expression within 
the older, trabeculated inner myocardium of the right side 
of the heart. Most of the outer, mitotically active (Rumyant- 
sev, 1977), compact layer of myocardium was negative. A
similar, but faint, expression pattern was observed in the 
left ventricle (Fig. 5i). This expression pattern may indicate 
another important role for the affected gene(s) during devel- 
opmental stages not reached by the homozygous embryos. 
Beginning by 11 embryonic dpc, extracardiac sites of lacZ 
expression were observed near the prechondrogenic regions 
of the developing limb buds (Figs. 6a-6c). LacZ expression 
was not observed in the chondrogenic core, but was re- 
stricted to boundary regions between the less differentiated 
precartilage mesenchymal cells and the more fully differen- 
tiated chondrocytes. Other lacZ expression sites were ob- 
served in the head and neck of embryos at 12.5 embryonic 
dpc through fetal stages in regions of presumptive cartilage 
formation. Staining was observed segmentally in deriva- 
tives of branchial arches 1 and 2 only (Fig. 6c), which in- 
cluded the precursors of the middle ear bones (malleus, in- 
cus, and stapedius), the lesser horn of the hyoid, and the 
anterior process of the maxilla and mandible. As observed 
in the cartilagenous bone models of the limb bones, lacZ 
expression was not homogeneous but was localized to only 
some of the mesenchymal cells surrounding the forming 
cartilages of the future bones (Fig. 6e). LacZ expression was 
also observed in the mesodermally derived dermal papillae 
within the segmentally distributed vibrissae (Fig. 6f). 
Analysis of Retinoic Acid-Treated Embryos 
Because the distribution of lacZ expression i  the hemizy- 
gous embryonic hearts appeared to be segmentally restricted, 
we attempted todisrupt his pattern by exposing the embryos 
to retinoic acid. Previous studies in the mouse have shown 
that injection of 70 mg/kg all-trans-retinoic acid into the peri- 
toneal cavity on 8.5 dpc could cause phenotypic hanges in 
anterior heart segments (Nakajima et aI., 1995). We found, in 
the hdf/lacZ mouse line, a single intraperitoneal injection of 
the retinoic acid solution (70 mg/kg dam) was lethal for most 
of the embryos (Nakajima et al., 1995). Further preliminary 
experiments showed we could induce anterior phenotypic 
changes in the embryos without the high lethality using a 
single peritoneal injection of 15 mg/kg dam at 8.5 embryonic 
dpc. Control hemizygous embryos treated with DMSO carrier 
only (Fig. 5e) showed lacZ expression that remained confined 
to the anterior limb segments (conus and right ventricle) of 
the heart. The retinoic acid-treated hemizygous embryo hearts 
(Figs. 7a and 7b) appeared phenotypically normal at this stage, 
but showed an expansion of lacZ expression. The expression 
pattern extended posteriorly beyond that observed in un- 
treated or sham-treated control hemizygous hearts to include 
the left ventricle (Fig. 7a) and AV region. LacZ expression 
could even be detected in a few myocardial cells of the atrium 
(Figs. 7b and 7d, arrowheads in d). Limb bud expression of 
lacZ did not appear to be altered. These results showed that 
retinoic acid can specifically alter the hdf/lacZ gene expres- 
sion along the AP heart axis, but not in other sites of hdf 
expression. 
Cushion Mesenchyme Formation in Vitro 
Since the homozygous hearts do not form normal AV or 
conal cushion tissue, the primordia of the future valves and 
septa, culture bioassays were utilized to determine if this 
represented a efect in the myocardial induction of endocar- 
dial transformation or in the ability of the endothelium to 
respond to the myocardial signal and to migrate into the 
cushion matrix (Bernanke and Markwald, 1982; Runyan and 
Markwald, 1983). The AV or conus explants, containing 
myocardium, endothelium, and any intervening cushion 
matrix, were removed from carefully staged 9.5 early embry- 
onic dpc animals and placed onto the surface of hydrated 
collagen gels. After 48 hr of incubation, both wild-type and 
hdf/hdf AV explants formed endothelially derived mesen- 
chyme within the collagen gel, indicating that the defective 
AV cushion mesenchyme phenotype of the homozygous 
hearts could be rescued in culture (Fig. 8). The homozygous 
conus explants did not form migrating mesenchyme b low 
the collagen gel surface; however, endothelium did grow on 
the surface of the collagen. The timing of invasion of the 
mesenchyme into the gel was similar in both mutant and 
wild-type control AV explants, suggesting that the mutant 
AV explants were not delayed in receiving or responding to 
an appropriate inductive signal to promote migration. 
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FIG. 3. Phenotype of the hdf homozygous mouse. 10 embryomc dpc (a} normal wild-type httermate and (b) hdf mouse homozygous for 
the transgene insertion. Homozygous embryos are overall smaller than wild-type littermates except for some heart segments in which 
the left primitive ventricle (V) and atrium (A) are highly dilated, and the anterior outlet segment (right ventricle and conus; Co) is 
constricted (magnification bar, 500 #m). Histological section through a 9.5 embryonic dpe normal (c, e) and homozygous (d, f) mutant 
heart. Well-developed eonal cushions (asterisks) observed in the anterior limb segment proximal to the aortic sac {AS) of normal heart (c) 
are absent in the homozygous mutant (d). Magnification bar in e, d, e, and f is 100 Izm. Similarly, atrioventricular cushions {e, asterisks) 
between the atrium and the ventricle are apparent in the normal heart, but absent from the homozygous mutant (f). 
DISCUSSION 
As a result of the transgene insertion, the primary heart 
defect appears to be failure of the anterior segment of the 
heart outlet limb to develop. Based on ix vivo marking ex- 
periments in the chick embryo, this segment is the first to 
form by fusion of the paired heart-forming fields (De la Cruz 
et al., 1989). It gives origin to both the apical trabeculated 
region of the right ventricle and the conus cordis, the latter 
being the primordium for the ventriculoarterial junction. 
Collectively, the conus and trabeculated right ventricle 
form the anterior or ascending limb of the looped heart. 
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FIG. 4. Immunostaining forfibronectin in hdf homozygous mouse mbryo heart. 10.5 embryonic dpc heart from hdf homozygous (b, d) 
and normal wild-type {a, c) embryos. Fibrouectin-positive localization w s bserved in the wild type phenotypically normal hearts along 
the myocardium (M) and endothelium (E) with intense staining throughout the intervening relatively thick extracellular matrix. Similarly, 
fibronectin staining was detected along the myocardial nd endothehal epithehum of defective homozygous mutant hearts; however, no 
localization for fibronectin was observed in the narrow space between these two epithelial layers. Magnification bars, 200 #m. 
Thus, the phenotype of the homozygous hdf mutant corre- 
lates exactly with the predicted development of the first 
or anteriormost segment of the primary heart tube. This 
supports the concept, based on in vivo labeling experiments, 
that the heart develops as a series of segments formed se- 
quentially over time by the progressive fusion of the heart 
fields. Another hypothesis, uggested by the mutant pheno- 
type, is that each primitive cardiac segment may be under 
different gene regulation and that the hdf gene may be a 
candidate segmental regulatory gene. 
Since the hdf insertional mutation follows a recessive 
pattern of distribution in progeny mice, and the art defect 
with lethality is found only in homozygous and not in hemi- 
zygous animals, this mutation probably results in a gene 
loss of function on mouse chromosome 13. Overexpression 
of genes on mouse chromosome 13, as observed in the tri- 
somy 13 mouse, can also result in cardiac anomalies associ- 
ated with the outlet segment of the heart and give rise to 
double outlet right ventricle (Vuillemin et al., 1991). This 
suggests that appropriate gene dosage of the hdf gene(s) is 
important for the normal morphogenesis of the outlet seg- 
ment of the heart. Double outlet right ventricle is a defect 
associated with failure to complete looping (i.e., correctly 
align the anterior and posterior limbs of the heart) and is 
produced by many different genetic or environmental per- 
turbations (Bouman et aI., 1995; Dyson et al., 1995; Kirby 
et al., 1985) including trisomy 13 (Vuillemin et al., 1991). 
Mouse chromosome 13 contains ix linkage groups that are 
conserved between mouse and human. Within the general 
region of the hdf insertional mutation site the mouse chro- 
mosome is syntenic with the human chromosome 5q re- 
gion. 
Consistent with the phenotype, analysis of the fl-galac- 
tosidase reporter portion of the transgene during early heart 
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FIG. 5. Analysis of transgene expression (fl-galactosidase staining). The homozygous mutant embryo shows staining only in a ring around 
the presumptive conus region of the anterior outlet of the heart that is first observed at 8.5 embryonic dpc (a) and becomes lightly 
extended at 9.5 embryonic dpc (b). Histological section through the homozygous mutant heart (c) shows the lacZ staining is confined to 
only the myocardial layer (arrowheads) and is concentrated in regions of the conus (Co) and ventricle (V) and somewhat less in the 
atrioventricular region and atrium (A) that constitute the inner curvature of the heart. Homozygous embryo (d; 10.5 dpc); note the strong 
expression of lacZ in the conus and the inner curvature, and the extended posterior extent of expression that includes ome of the atrium. 
10.5 embryonic dpc embryo (e) hemizygous for the transgene shows that the lacZ expression remains egmental with positive staining 
in the anterior outlet segment [right primitive ventricle (RV) and the conus] of the heart but not in the left ventricle {LV). Histological 
sections of a hemizygous 10.5 embryonic dpc heart (f, g, h) show the lacZ expression i  the myocardial cell layer with intensity higher 
in the conus and right ventricle. Higher magnification of the conus region (g) and the AV canal (h) inferior cushion (inf. C). Sectioned 
hemizygous heart at 15.5 embryonic dpc (i) shows strong lacZ expression in the inner trabeculated myocardium of the right side and 
slight expression on the left side, but little in the outer myocardial compact layer. Magnification bars: a, d, e, 1 mm; b, i, 0.5 mm; c, f, 
100/~m; g, h, 50 #m. 
development shows a segmental expression of activity pri- 
marily in the anterior limb of both hemizygous and homo- 
zygous mutant embryos. Although the expression of the 
lacZ portion of the transgene may not necessarily be the 
same as the normal expression of the endogenous disrupted 
gene(s), the fact that the lacZ expression is restricted to 
the site of the primary anterior segmental defect strongly 
suggests a correlation. This restricted compartmentaliza- 
tion of expression of lacZ in hdf embryos is similar but not 
identical to the segmental expression patterns described for 
other genes/proteins in the tubular heart. For example, 
BMP-4 at mouse Embryonic Day 9.0 pc is restricted to the 
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FIG. 6. Extracardiac lacZ expression. Limb bud from 12 embryonic dpc shows staining near the chondrogemc regions of the developing 
humerus bone and shoulder girdle (a). Section of a lacZ-stained chondrogemc region m the limb 16.5 embryonic dpe [b) shows lacZ 
expression to be confined to a transition zone between the more differentiated chondrocytes (C) and the less dffferenuated free mesenchyme. 
Whole mount of 16.5 dpc showing the hindlimb (c) shows strong lacZ staining between chondrogenlc cores forming the digits while lacZ 
staining becomes much less prominent in chondrogenic regions of the more proximal limb structures. Chondrogeme r gions derived from 
the first and second branchial arches also show lacZ expresmon; (d) the anterior extension of the maxillary and the mandibular cartilages 
(branchial arch 1 ) are positive. (e) Mesenchymal cells surrounding the chondrogenic region of the middle car bones are lacZ positive (Cho, 
chochlea). LacZ expression was also observed in the dermal papillae (arrowheads) of developing vibrissae (f). All nontransgenic control 
embryos were negative for expression of the laeZ reporter transgene. Magnification bars: a, e, d, 1 ram; b, e, f, 100 pro. 
myocardium of the AV region; at 10.5 dpc, the gene is down- 
regulated in the AV segment but upregulated in the conus 
region (Jones et aI., 1991), again consistent with the hypoth- 
esis that segments have different regulatory genes. The re- 
ciprocal is true for BMP-2 mRNA. It is initially expressed 
in the conus at 9.0 dpc but by 10.5 dpc, it is lost in the 
conus as its expression comes on strongly in the AV region 
(Lyons et al., 1995). Msx-2, which has also been mapped to 
chromosome 13, shows segmental expression in both the 
AV and the conus but in a pattern inverse to that of hdf  
except at the inner curvature where both genes are ex- 
pressed m the myocardium (Lyons et al., 1995). 
In addition to the strong band of lacZ expression in the 
anterior segment of the heart outlet, homozygous embryos 
at 10.5 dpc showed additional expression that reached poste- 
riorly beyond the anterior segmental boundaries defined by 
the hemizygous, morphologically normal embryos. The rea- 
son for this altered segmental expression pattern is not 
known. It may merely represent a secondary response (e.g., 
hemodynamic changes) to the phenotypic defects observed 
at this stage or, alternatively, may actually reflect a true loss 
or destabilization ofsegmental identity in homozygous mice. 
Retinoic acid also changed the segmental expression pat- 
tern of hdf - lacZ similar to that observed for mutant homo- 
zygous mice. We do not know the mechanism for this al- 
tered expression. Retinoic acid could alter expression by 
interaction with an enhancer near the hdf  locus or by desta- 
bilizing the normal segmental identity in the heart tube. 
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FIG. 7. LacZ expression pattern changes after exposure of the embryos to all-trans-retinolc acid. The retlnOlC acid-treated hemlzygous 
embryos (a and b; c and d histological sections through the heart shown i a and b) showed a lacZ expression pattern that extended beyond 
the segmentally restricted expression seen in non-retmoic acid-exposed embryos (compare with Fig. 5e). The lacZ expression extended 
from the eonus (Co) and right ventricular segments into the left ventricle (a, LV) and the myocardium of the AV (c, arrows) and could 
even be detected in a few myocardial cells of the atrium (A; b and d, arrowheads in d). This extended pattern of expression was similar 
to, but more intense than, that seen for the homozygous embryos that survive to this stage (see Fig. 5d). Magnification bars: a, b, 1 mm; 
c, d, 200 ~m. 
Yutzey et al. have previously shown retinoic acid adminis- 
tered during early tubular heart formation could "posterio- 
rizc" the developing ventricles to the extent hey expressed 
atrial forms of myosin genes (Yutzey et al., 1994, 1995). The 
retinoid X receptor null mutant mouse also displays a loss 
of ventricular segmental identity and becomes atriablike 
(Dyson et al., 1995). Retinoic acid has been shown to change 
hemodynamics and result in a high incidence of heart ante- 
rior region defects (Bouman et aI., 1995; Broekhuizen et al., 
1995; Yasui et aI., 1995). In zebrafish, retinoic acid truncates 
the anteriormost regions of the tubular heart while preserv- 
ing the posterior segments (Stainier and Fishman, 1992). 
Promoter sequences that can direct expression of a gene 
to a particular site in the heart provide one answer for 
how a gene like hdf  might be segmentally expressed in 
the primary heart tube. A single MEF2 site of the desmin 
enhancer has been shown to restrict lacZ expression of a 
reporter transgene to the right ventricle of the heart and 
to skeletal muscle in mouse embryos (Kuisk et al., 1996). 
Similarly, a 250-bp ventricular isoform of myosin light 
chain-2 (MLC-2v) promoter f agment or the 28-bp HF-1 ele- 
ment can drive lacZ expression in a right ventricular pat- 
tern unlike the left and right ventrieular expression of the 
endogenous gene (Ross et al., 1996). The hdf/ lacZ reporter 
transgene, however, compared to the desmin MEF2, the 
HF-1, or the MLC-2v/lacZ reporters, shows different lacZ 
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FIG. 8. Collagen gel assay for cushion mesenchyrne formation. Photomicrographs of the wild-type (+/+) AV explant cultured 48 hr on 
the surface of the collagen (a) and 80 pin below the surface (b) show mesenchyme c ll invasion [arrowhead) into the collagen and are 
sirnilar to hornozygous mutant (hdf/hdf) AV explant on the surface (c) and below the surface (d). The conus explant of homozygous mutant 
shows endothelial cell outgrowth (e), but mesenchyrne arc not observed below the surface of the gel (f). M, myocardial central explant. 
Magnification bar, 50 #m. 
expression patterns. First, the hdf/lacZ transgene, under 
control of endogenous regulatory elements, does not show 
lacZ expression in the cardiac primordia (the forming right 
ventricle) at 7-7.5 embryonic dpc as seen with the MLC- 
2v and HF-1 element constructs. Second, the hdf/lacZ ex- 
pression disappears from the myocardium as the developing 
heart approaches adult stages, as opposed to the pattern of 
expression for MLC-2v lacZ which is reportedly main- 
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rained throughout the myocardium of the right chamber of 
those transgenic lines positive for lacZ expression. Third, 
lacZ expression i  the hdf mouse was not observed in skele- 
tal muscle as seen in the desmin MEF2 lacZ construct and 
as seen in some of the MLC-2v lacZ lines. Finally, neither 
desmin MEF2, HF-1, nor MLC-2v lacZ expression were re- 
ported in chondrogenic regions. However, the desmin 
MEF2, the MLC-~v, and, in most lines, the HF- 1 lacZ trans- 
genes do show an anterior to posterior gradient of expres- 
sion along the heart tube similar to the hdf lacZ expression 
with its associated anterior tonal defect. Together these 
data support he concept of a gradient of gene expression 
along the AP axis of the heart tube and that expression of 
the hdf locus may be under a cis-regulatory control that is 
similar to that observed for the transgenes containing the 
HF- 1 a/HF- 1 b/MEF-2 combinatorial e ement. Alternatively, 
the gene(s) disrupted by the hdf/lacZ transgene insertion 
may participate in the regulation of the AP axis and be, 
therefore, required in the normal differentiation of the ante- 
rior conal segment of the heart tube. 
As yet, we do not know why cushion mesenchyme failed 
to form in both the conus and the AV canal of the homozy- 
gous mutants. Cushion tissues form the primordia for 
valves and septa and, thus, normally develop in both the 
inlet (AV) and the outlet (conus) limbs of the heart. In each 
segment, the myocardium induces the endothelial cells to 
transform into mesenchyme. The normal onset for this 
transition (9.0 dpc) is before our observations of marked 
changes in the mutant homozygous phenotype. If the myo- 
cardial hdf gene plays any role in cushion formation, one 
would expect it to do so only in the conus; however, both 
sites were affected, raising the possibility of segmental in- 
teraction or interdependency. The defect in the anterior out- 
let segment could conceivably affect the adjacent posterior 
segments of the tube directly through gap junction (or other 
gene product) signaling or indirectly via changes in the he- 
modynamic pattern. At this point, we do not know if the 
lack of cushions in the conus and the AV regions are a 
downstream consequence of the anterior outlet segment 
defect, or if they are related to each other by the loss of a 
common gene(s) which functions within a differentiation 
pathway shared by these different segments. To further ex- 
plore why endocardial cushions within the AV and conus 
region fail to form cushion mesenchyme, we tested the abil- 
ity of homozygous heart explants to undergo the epithelial- 
mesenchymal transdifferentiation in a three-dimensional 
collagen gel assay of endocardial cushion formation. Under 
these culture conditions, the homozygous AV explants 
formed mesenehyme similar to that observed for the wild- 
type explants; however, the conus region did not. These 
data suggest hat failure to form AV mesenehyme in vlvo 
m the hdf/hdf animals is probably not due to an intrinsic 
defect in the induction of endothelial cells to form mesen- 
chyme (i.e., the AV myocardial signal is produced and a 
subset of AV endothelial cells does respond to form mesen- 
chyme). The conus region, however, may have an intrinsic 
defect in either the myocardium's ability to secrete an in- 
ductive signal or the ability of the endothelium to respond. 
Also, since the definitive conus region apparently fails to 
develop in the heart tube, both the signaling cells of the 
conus myocardium and the responding endothelium may 
not form at all in the homozygous mutants. Further experi- 
ments are planned using conus explants to elucidate these 
possibilities. 
Because the extraeellular matrix within the conus and 
AV endocardial cushions appeared to be diminished in the 
homozygous hearts (appearing like that of the ventricle or 
atrium), we immunostained for fibronectin, amajor compo- 
nent of normal endocardial cushions (Kitten et ai., 1987; 
Mjaatvedt et al., 1987}. The results showed that FN is pres- 
ent in the matrix, but is not present in the same pattern 
observed in the hemizygous hearts. Fibronectin did, how- 
ever, appear to be present in the cells surrounding the aortic 
sac in an equivalent pattern to that observed in the hemizy- 
gous hearts. This observation is interesting since the aortic 
sac arises from a cell lineage outside of the definitive pri- 
mary heart fields (De la Cruz et al., 1989). Thus, the dis- 
rupted gene in the mutant may be linked directly or indi- 
rectly to the production, modification, or distribution of 
extracellular matrix molecules pecifically required for es- 
tablishing or maintaining the AP axis of the heart or its 
primitive segments. 
In summary, the segmental heart defects associated with 
the hdf mouse support a model of cardiac development that 
involves the early establishment of regional segments that 
possess transcriptional differences along the AP axis of the 
heart tube. The cells within these segments must interact 
with each other or with other segments, possibly through 
diffusible factors, to remodel the tube into a four-chambered 
heart. Our observanons show that the hdf insertional muta- 
tion identifies a new gene locus on mouse chromosome 13 
that may be required for mechanisms that initially establish 
and/or maintain continued evelopment of at least one seg- 
ment of the developing heart and provides a unique model 
system to evaluate the molecular equirements of normal 
endocardial cushion formation and the segmental interac- 
tions that form the adult heart. 
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